Background: Residual aneurysm after microsurgical clipping carries a risk of aneurysm growth and rupture. Digital subtraction angiography (DSA) remains the standard to determine the adequacy of clipping. Intraoperative indocyanine green (ICG) angiography is increasingly utilized to confirm optimal clip positioning across the neck and to evaluate the adjacent vasculature. Objective: We evaluated the correlation between ICG and DSA in clipped intracranial aneurysms. Methods: A retrospective study of patients who underwent craniotomy and microsurgical clipping of intracranial aneurysms with ICG for 2 years. Patient characteristics, presentation details, operative reports, and pre-and postclipping angiographic images were reviewed to determine the adequacy of the clipping. Results: Forty-seven patients underwent clipping with ICG and postoperative DSA: 57 aneurysms were clipped; 23 patients (48.9%) presented with subarachnoid hemorrhage. Nine aneurysms demonstrated a residual on DSA not identified on ICG (residual sizes ranged from 0.5 to 4.3 mm; average size: 1.8 mm). Postoperative DSA demonstrated no branch occlusions. Conclusion: Intraoperative ICG is useful in the clipping of intracranial aneurysms to ensure a gross patency of branch vessels; however, the presence of residual aneurysms and subtle changes in flow in branch vessels is best seen by DSA. This has important clinical implications with regard to follow-up imaging and surgical/endovascular management.
Introduction
Despite the introduction of several new and emerging endovascular techniques, surgical clipping remains an important tool for the management of ruptured or unruptured intracranial aneurysms [1] . The risk of recurrent subarachnoid hemorrhage after surgical clipping can result from either de novo aneurysm formation or regrowth/rupture of an incompletely clipped aneurysm [2, 3] . The incidence of residual neck filling of surgically clipped aneurysms has been reported to range from 3.9 to 12% [4] [5] [6] [7] . Intraoperative or postoperative digital subtraction angiography (DSA) is the gold standard to determine the adequacy of clipping. Intraoperative indocyanine green (ICG) angiography is a method of intraoperative blood flow assessment introduced in 2003. ICG is an inert agent and it avoids contrast exposure. This method is simple, fast, reliable, and provides real time information [8, 9] . It has been increasingly utilized to confirm optimal clip positioning across the neck, to evaluate the patency of adjacent vasculature and potentially obviate the need for intraoperative DSA.
There have been several studies published showing the reliability and accuracy of ICG angiography [10] [11] [12] [13] ; however, several recent studies have demonstrated a poor correlation between ICG angiography compared to intraoperative/postoperative DSA. Ozgiray et al. [14] reported 4 cases in which ICG angiography failed to demonstrate the persistent flow in the aneurysm dome, and in 1 case, it missed a residual neck. Mery et al. [15] also reported similar inadequacies with intraoperative ICG angiography. Dashti et al. [9] reported a series of 239 clipped aneurysms in which intraoperative ICG was performed and a residual neck was seen in 6% of cases on postoperative imaging. Similarly, an unexpected branch occlusion was seen in 6% of these cases, while an incomplete occlusion of the aneurysm dome was not reported in any case [9] .
In some cases, ICG angiography is used as an adjunct in addition to intraoperative or postoperative DSA, and in other cases, it is used as the sole method to confirm the complete obliteration of clipped intracranial aneurysms. Therefore, we conducted a retrospective chart analysis to evaluate the correlation between ICG and DSA in clipped intracranial aneurysms in which both modalities were utilized.
Methods
This is a retrospective study of patients who underwent craniotomy and microsurgical clipping of intracranial aneurysms with ICG between January 2010 and March 2013 at 2 tertiary care hospitals in Memphis, Tenn., USA (Baptist Memorial Hospital and Methodist University Hospital). A chart review was performed to obtain data describing age, sex, presentation, location and number of aneurysms as well as details of the operative reports of clipping. Pre-and postclipping angiographic images were reviewed to determine the adequacy of clipping. Postclipping DSA was evaluated by 2 neuroendovascular physicians who were not involved in the care of the patient; they looked for the presence of residual aneurysms and the patency of branch vessels/parent artery.
Results
Forty-seven patients (76.5% female, mean age: 51.6 years) underwent the clipping of intracranial aneurysms with ICG and had postoperative DSA. In all cases, the operative reports indicated the complete clipping of all aneurysms without any compromises of the branch vessels ( fig. 1 ). Postoperative DSA was performed in a follow-up, ranging from 1 day to 6 months.
Fifty-seven aneurysms were clipped, 23 patients (48.9%) presented with subarachnoid hemorrhages. Forty-two aneurysms were located in the anterior circulation (average size: 7.1 mm) and 15 in the posterior circulation (average size: 6.3 mm). Ten patients had 2 aneurysms clipped in the same setting. Out of the 57 aneurysms treated, 9 demonstrated residual aneurysms on DSA not identified on ICG. The residual sizes ranged from 0.5-4.3 mm, with an average size of 1.8 mm. Five aneurysms were in the anterior, 4 in the posterior circulation, and 6 were ruptured at presentation. Postoperative DSA demonstrated no branch occlusions; however, 3 patients demonstrated a slow flow due to clip impingement on a branch vessel -2 in the posterior communicating artery, and 1 in the callosal marginal artery ( fig. 2 ). There was no compromise of the parent vessel in any cases. In our series, the calculated specificity of the ICG angiography was 100%, while sensitivity was only 26.65%. 
Discussion
Compared to previously reported studies, our study shows higher discrepancies between ICG angiography and postoperative DSA results (21.07%). Washington et al. [16] described discordance between ICG and intraoperative angiography in 14.3% (7 of 49) cases. Three of 7 clipped aneurysms showed residuals, and the remaining 4 showed a branch compromise. Three out of 7 were ruptured at presentation. Similarly, Fischer et al. [17] showed inadequacies with ICG angiography in 10% of the clipped aneurysms.
Interestingly, in our study, postoperative DSA did not show any evidence of major branch occlusions or incomplete occlusions of the aneurysm domes. This finding seems to support the utility of ICG angiography in microsurgical clipping to ensure the gross patency of major arteries of the Circle of Willis and branch vessels at the neck of the aneurysms; however, postoperative DSA still seems to be necessary to evaluate the presence of a residual neck aneurysm and to be certain that there is no flow limitation compromise of smaller arteries. These subtle findings may influence the postoperative management of blood pressure in patients with subarachnoid hemorrhage who are vulnerable to vasospasm ( fig. 2 ) . Since the mortality rate with recurrent subarachnoid hemorrhage is very high [18] , it is important to identify and manage these remnants diligently and ensure appropriate follow-up ( fig. 3 ) . Although intraoperative DSA is not usually performed at our center, it is important to discuss it. Intraoperative DSA can be performed in a hybrid suit with a low complication rate and minimal morbidity [19] . The routine use of intraoperative DSA following ICG angiography can obviate the postoperative discovery of residual aneurysms or branch vessel occlusions. This technique is highly useful in cases of multiple aneurysms where ICG angiography is performed after each clipping, and intraoperative DSA only once at the end of all clippings. Few authors have raised concerns about its regular application considering radiating exposure [20] and high rates of false negatives (5-8%) compared to postoperative DSA [21, 22] .
No correlation was observed between missing residual neck aneurysms on ICG angiography and the location and size of clipped aneurysms. In this series, residual aneurysms undetected by ICG were more prevalent in patients presenting with ruptured aneurysms, as two thirds (6/9) of the patients presented with hemorrhage. Our study had a higher percentage of ruptured aneurysms in the group with disconcordant ICG and DSA findings compared to similar studies. Also, in our study, the group with disconcordant ICG and DSA had an average age of 46 years, with an average aneurysm size of 6.7 mm. Washington et al. [16] reported an average age of 54 years and an average aneurysm size of 8.4 mm. Including recent rupture, a younger group and smaller aneurysm size may account for our higher discrepancy rate.
A recent case series by Caplan et al. [23] reported discordance between ICG angiography and intraoperative DSA in 10.8% of cases. The authors also demonstrated that the rate of postoperative DSA clip adjustment did not vary significantly whether ICG angiography was performed or not. The results of this study again support the fact that the use of ICG angiography has not replaced the conventional intraoperative or postoperative DSA, and future randomized trials are warranted.
One possible explanation for missing a residual neck aneurysm with ICG angiography could be a diminished image contrast resulting from slow clearance of dye with an intravenous injection. Intra-arterial injection of dye has been reported to provide a brighter and clearer image contrast [24] . More studies with intra-arterial injection are required to investigate whether inadequacies with ICG angiography can be mitigated with this technique.
Conclusion
Intraoperative ICG is useful in the microsurgical clipping of intracranial aneurysms and to ensure the gross patency of branch vessels as well as to evaluate the completeness of clipping; however, the presence of residual aneurysms and subtle changes in flow in branch vessels is best seen by DSA. This has important clinical implications in immediate postoperative management, the need for delayed follow-up imaging and the decisions to re-treat incompletely clipped aneurysms. Additional studies of intra-arterial injections of ICG dye will help to better define the role of this technology as an adjunct to DSA. Currently, we believe that the combination of intraoperative ICG angiography and postoperative DSA should be used to ensure a complete obliteration of clipped aneurysms.
